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a b s t r a c t

In a solvent extraction screening study, several �-branched alcohols in the 14–20 carbons range show
improved extractive performance to recover ethanol from aqueous solutions compared to commonly
ccepted 5 June 2008
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istribution coefficients

studied solvents such as oleyl alcohol and 1-dodecanol. These �-branched alcohols were selected for
screening based on extrapolation of results in earlier work with lower molecular weight aliphatic alcohol
solvents, that indicated higher separation factors should be realized when hydroxyl position is mid-chain,
and there is branching. Solvent toxicity to a commercial yeast commonly used in fuel ethanol production
also was evaluated for these as well as several lower molecular weight alcohols. For the alcohols studied,
those containing 12 or fewer carbons were toxic or inhibitory to the yeast; those containing 14 or more
carbons were non-toxic and non-inhibitory.
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. Introduction

The use of renewable feedstocks for conversion to transporta-
ion fuels is growing rapidly. For fuel ethanol, following high-starch
rains, the next large source of feedstock is lignocellulosic biomass
1]. A difficulty with this source is that the fermentable C6 sug-
rs that result from hydrolysis are typically less concentrated than
hose that are derived from high starch grains. Significant amounts
f soluble hemicellulose drive up the viscosity in the fermentor.
n addition, fermentation inhibitors may be present, though this
epends on the pretreatment hydrolysis method [2–4]. For these
easons, lignocellulose-based fermentations are more dilute than
igh starch grain-based fermentations, and the alcohol product

s necessarily significantly less concentrated [5,6]. This is a prob-
em when distillation is used as the alcohol recovery method. As
istillation feed concentration drops (i.e. for lignocellulosic feed-
tocks), distillation energy use (and cost) rises exponentially [7,8].
n a typical fuel ethanol plant in the U.S., the fermentation broth is
istilled in a system using a beer column and a rectification column,
hen dehydrated by pressure-swing adsorption using molecular

ieve adsorbents. A well-integrated process requires approximately
5,600 BTU/US gallon (4350 MJ/m3) of anhydrous ethanol [8–10].
his is equivalent to ∼20% of the energy content of the ethanol pro-
uced, based on the lower heating value (LHV) of 75,700 BTU/US gal

∗ Corresponding author. Tel.: +1 510 559 6458; fax: +1 510 559 5818.
E-mail address: Richard.Offeman@ars.usda.gov (R.D. Offeman).

1 Present address: Dow Chemical Company, Freeport, TX 77541, USA.
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21,100 MJ/m3). The LHV assumes that the latent heat of vaporiza-
ion of water in the fuel and the reaction products is not recovered. It
s useful in comparing fuels where condensation of the combustion
roducts is impractical, as in automobile engines.

There are a variety of alternatives to distillation for recover-
ng ethanol from aqueous solutions such as fermentation broths
11,12]. These include membrane permeation, vacuum stripping,
as stripping, solvent extraction, adsorption and various hybrid
rocesses. Depending on the concentration of the feed solution
nd other factors, some of these methods have the potential to be
ess energy intensive than distillation. For instance, Othmer and
atcliffe [13] showed substantial energy savings for solvent extrac-
ion over distillation for recovering ethanol from dilute feeds of 2%
thanol, and lesser savings for 5% feeds. A reduction in this sepa-
ation energy requirement would increase the net energy ratio for
thanol production, reduce carbon emissions, and reduce operating
osts.

This paper describes a search for high performance solvents to
e used in liquid–liquid solvent extraction of ethanol from dilute
queous solutions. There are many important criteria for select-
ng a liquid–liquid extraction solvent, and these criteria can differ
epending on the extraction methodology. For instance, in an
xtractive fermentation process, the solvent contacts the fermenta-
ion broth or a filtered portion of the broth, and after disengagement

rom the solvent, the aqueous phase is returned to the fermentor. In
his case, some important criteria are [14]: (1) good extraction per-
ormance (i.e., partitioning of the product between the solvent and
queous phases), (2) low solvent solubility in the aqueous phase,
3) low solvent toxicity (to workers, to the environment, to fer-

http://www.sciencedirect.com/science/journal/13835866
mailto:Richard.Offeman@ars.usda.gov
dx.doi.org/10.1016/j.seppur.2008.06.005
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entation microorganisms), (4) effective product recovery from
he solvent and its regeneration, (5) rapid phase separation, (6)
hemical stability, (7) acceptable solvent handling properties (low
elting point, compatible with preferred materials of construc-

ion), and (8) low formation of stable emulsions or foams. Also, the
olvent should not be a viable carbon source for microorganisms
contaminants, or the primary organism itself) that may be present
n the fermentation system, as this will contribute to solvent loss.
nstead of direct mixing of the aqueous and solvent phases, a mem-
rane contactor may be used, thereby eliminating the need for
olvent–aqueous phase disengagement, and the need to balance
he flows of the two phases to avoid flooding conditions in the
xtractor. This can remove the need for the criteria of rapid phase-
eparation and minimization of stable emulsions or foams. Another
ase is extraction from an aqueous phase that will not be returned
o the fermentor, which may reduce or eliminate the requirement
hat the solvent be non-toxic to the fermenting microorganism. It
s common for ethanol plants using grain feedstocks to produce a
igh-protein animal feed as a co-product. For this application, any
esidual solvent in this co-product must be safe for the animals to
hich it is fed, and not diminish the value of products derived from

hose animals.
Our strategy for solvent selection starts with extraction per-

ormance at a particular operating condition (temperature and
queous phase concentration) to quickly generate a comparison
or many solvents, and a short list of solvents for further study.

hile it might be more realistic to carry out screening tests using
ermentation media, the use of ethanol/water systems gives a
ood relative ranking of solvent performance. Additionally, most
f the data reported in the literature is for ethanol/water sys-
ems, which is useful for comparison purposes. For the case of
n extractive fermentation process, an evaluation of the toxic-
ty or inhibitory behavior of a set of solvents to the fermenting

icroorganisms then is carried out on high priority solvents. Addi-
ional studies to investigate a few solvents in depth against the rest
f the above criteria, and using fermentation broth then become
ore manageable. It is known that the salts present in the fer-
entation media will modify ethanol distribution coefficients, as

ould various organic fermentation components and yeast cells.
ltimately, detailed phase diagram information will be needed to
efine extraction performance over the full range of expected oper-
ting conditions.

Several researchers have ranked solvent classes based
n experimental comparisons of performance: carboxylic
cids > alcohols > esters > amines > ketones > ethers > hydrocarbons
15–17]. Alcohols are one of the better classes of solvents. However,
rediction of the relative performance of different alcohols has
ad mixed results. It has been shown that the ethanol capacity of
he alcohol decreases as molecular weight increases. Structural
ifferences such as branch position and size have an effect [15,16].

n addition, we have shown that position of the hydroxyl group
18,19] has a significant effect on performance due to the extended
ydrogen-bond structure of the solvent molecules. Using this

nformation, for alcohol isomers of the same molecular weight,
mproved separation factor would be expected for the more highly
ranched secondary or tertiary alcohols with long primary and
ranch chains.

In the present work, �-branched alcohols are compared with
everal commonly studied alcohols for solvent extraction perfor-
ance. The �-branched alcohols are made by the Guerbet reaction
r the oxo process. The Guerbet reaction converts a primary
liphatic alcohol into its �-alkylated dimer alcohol. Most com-
only used are alcohols of natural origin, which contain an even

umber of carbons. Oxo alcohols are derived from the hydroformy-
ation of linear olefins. An attractive feature of the C14–C20 alcohols
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s that they would be expected to have very low solubility in the
queous phase and low toxicity to fermenting microorganisms.
heir branching causes them to be liquids at room tempera-
ure; whereas, the unbranched n-alcohols of comparable molecular
eight are solids. In addition, because these solvents have high boil-

ng points of >290 ◦C (>563 K), recovery of the extracted ethanol
ay be by a simple flash process or a few distillation stages. It

hould also be noted that three �-branched alcohols were included
n a study by Ishii et al. [20] in solvent extraction of n-butanol, and
igh butanol partition coefficients were obtained.

Regarding the toxicity of alcohols to yeast, low molecular weight
lcohols (C2–C10) are toxic or inhibitory (to yeast growth and/or
thanol production), while higher molecular weight alcohols are
ot [21]. There is inconsistency at intermediate molecular weights
i.e., 10–12 carbons). The variation in this range is probably due to
ifferences in testing methods, analysis methods, yeast varieties,
nd solvent concentrations. It has been shown that preventing yeast
xposure to the solvent interface reduces toxicity because yeast is
xposed only to the solvent dissolved in the aqueous phase. This has
een done by separating the yeast from the solvent with porous
embranes [22], or by encapsulating the yeast in alginate beads

long with a vegetable oil [23]. In another study, some solvents
hat were complete inhibitors of yeast growth at saturation in the
queous phase were partially or not inhibitory at 10% of saturation
24]. Finn [25] showed that for paraffinic hydrocarbons, inhibition
f cell growth depends on the concentration of the hydrocarbon in
he aqueous phase. While a C11 paraffin was toxic and a C12 was
on-toxic, a C11 diluted to the same concentration as the C12 at
aturation was non-toxic. Log P, the logarithm of the octanol–water
artition coefficient for a solvent, has been used to predict toxicity
26]. For the solvents tested, a graph of metabolic activity for S.
erivisiae shows a breakpoint at log P = 5–6, with low or zero activity
elow this region and full activity above it. For reference, the log P
f 1-decanol is 4.6, 1-dodecanol is 5.1, and 1-tetradecanol is 6.0.
good review of solvent cytotoxicity was done by Salter and Kell

27]. This review includes the probable mechanism (disruption of
embrane processes due to solubilization of solvent into the cell
embrane), and predictors of cytotoxicity. They make the point

hat log P is not a good predictor of solvent toxicity in the range
f 2–4 when considering many types of solvents, but is useful for
pecific solvent classes.

. Experimental

.1. Measurement of ethanol partitioning

The solvent screening technique developed previously [28] was
mployed to measure the partition of ethanol and water between
n aqueous phase, initially 5 wt% ethanol, and the solvent phase. At
east two extraction runs were carried out for each compound, and
he results averaged. Extractions were at 33 ◦C with an aqueous-
o-organic phase volume ratio of 2:1 and a total liquid volume of
.5 ml. The mixtures were emulsified multiple times to ensure that
quilibrium was reached, then phase separated by centrifugation
t the extraction temperature. Gas chromatography using a ther-
al conductivity detector and an internal standard method was

mployed to determine the equilibrium ethanol and water con-
entrations in the organic phase, and the ethanol concentration in
he aqueous phase. The water concentration in the aqueous phase,

H2O]Aq, was taken to be 1 − [EtOH]Aq. This assumption is valid
or solvents with a low solubility in the aqueous phase, which are
hose of practical interest for use in solvent extraction processes.
dditional details can be found in Offeman et al. [28]. A difference
etween the method used here and that presented previously is the
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Table 1
Solvents investigated

Name Source Composition CAS s.g., 20/20 ◦C Structure

1-Octanol Aldrich 99.93% 1-octanol 111-87-5 0.825

Isooctyl alcohol Eastman 99.84% 2-ethyl-1-hexanol 104-76-7 0.831

2,6-Dimethyl-4-heptanol Acros Mixture: 0.810
90% 2,6-dimethyl-4-heptanol 108-82-7

10% 4,6-dimethyl-2-heptanol 51079-52-8

1-Decanol Fluka 99.3% 1-decanol 112-30-1 0.829

1-Dodecanol Aldrich 98.52% 1-dodecanol 112-53-8 0.830

2-Butyl-1-octanol Aldrich 97.9% 2-butyl-1-octanol 3913-02-8 0.832

Isofol 14T Sasol Mixture: 0.834

23% 2-hexyl-1-octanol 19780-79-1

23% 2-butyl-1-decanol 21078-81-9

33.9% 2-hexyl-1-decanol 2425-77-6

17.4% 2-butyl-1-octanol 3913-02-8

Jarcol I-16 Jarchem Industries 98.7% 2-hexyl-1-decanol 2425-77-6 0.835

FO-1600, iso-palmityl alcohol Nissan Chemical 98.1% 2-hexyl-1-decanol (described as iso-hexadecanol) 2425-77-6 0.840

Jarcol 95BJ Jarchem Industries 93% oleyl alcohol 143-28-2 0.835
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Table 1 (Continued )

Name Source Composition CAS s.g., 20/20 ◦C Structure

Jarcol I-18E, iso-stearyl alcohol Jarchem Industries Mixture 70693-04-8 0.837

45% 2-hexyl-1-dodecanol 110225-00-8

45% 2-octyl-1-decanol 45235-48-1

5% 2-octyl-1-dodecanol 5333-42-6
5% 2-hexyl-1-decanol 2425-77-6

FO-180, iso-stearyl alcohol Nissan Chemical 99.8% iso-octadecanol 36400-98-3 0.843

FO-180N, iso-stearyl alcohol Nissan Chemical 99.1% iso-octadecanol (less
branched than FO 180)

27458-93-1 (generic
iso-octadecanol)

0.847

Jarcol I-20 Jarchem Industries 98.0% 2-octyl-1-dodecanol 5333-42-6 0.838
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Table 2
Measured ethanol partition coefficients and separation factors

Solvent KDE (S.D.) � (S.D.) No.

1-Octanola 0.716 (0.016) 12.0 (0.47) 4
2-Ethyl-1-hexanola 0.688 (0.017) 19.5 (0.25) 4
2,6-Dimethyl-4-heptanol 0.514 (0.001) 32.4 (0.88) 2
1-Decanola 0.541 (0.022) 12.2 (0.26) 3
1-Dodecanola 0.441 (0.008) 12.3 (0.11) 4
2-Butyl-1-octanola 0.362 (0.012) 25.7 (0.40) 4
Isofol 14T 0.293 (0.002) 27.1 (0.08) 2
Jarcol I-16 0.261 (0.009) 27.8 (1.04) 4
FO-1600 0.266 (0.007) 27.0 (0.88) 3
Oleyl alcohol 0.306 (0.005) 16.1 (0.14) 2
Jarcol I-18E 0.225 (0.004) 28.0 (1.80) 2
FO-180 0.253 (0.018) 34.9 (2.26) 8
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O-180N 0.243 (0.007)
arcol I-20 0.207 (0.001)

a Combined data of Offeman et al [18] and additional extractions performed subs

se of 1-pentanol or benzyl alcohol rather than 1-butanol as the
rganic phase diluent, and in the case of 2,4-dimethyl-4-heptanol,
he use of 1-octanol instead of 1-hexanol as the internal standard.

.2. Solvents and materials

Sources and characterization of the extraction solvents are
hown in Table 1. These materials were used as received. JarcolTM,
ine OxocolTM, and IsofolTM are trademarks of Jarchem Industries,
nc., Nissan Chemical Industries, Ltd., and Sasol, Ltd., respectively.
he CAS numbers shown for Jarcol I-18E, and Nissan Chemical’s FO-
80 and FO-180N do not correspond to unique structures, but rather
o iso-alkanols of unspecified branching. The structures shown for
hese, however, were supplied by the manufacturers and indicate
he true structures of the materials used. As can be seen from the
tructures in Table 1, Jarcol I-16 and Fine Oxocol FO-1600 appear to
e the same compound, though the sources and purities differ.

Ethanol used in the extractions was from Aaper Alcohol and
hemical Co., >99.5%, undenatured (labeled 200 proof, absolute,
nhydrous, ACS/USP grade). For the analysis, the organic phase dilu-
nt was 1-pentanol (Aldrich, 99.73%) or benzyl alcohol (Aldrich,
9.99%), which were stored over 3A molecular sieves to main-
ain dryness. The aqueous phase internal standard was 1-butanol
Aldrich, 99.95%), and the organic phase internal standard was
-hexanol (Aldrich, 99.49%) or 1-octanol (Sigma, 98.9%). Distilled
ater was used in all solutions.

.3. Yeast toxicity evaluation

The evaluation of the solvent toxicity or inhibition to yeast
ollows that of the shake flask biocompatibility tests described
y Kollerup and Daugulis [29]. Briefly, shake flasks containing a
terilized glucose-based growth medium were inoculated with fer-
entation broth from a 24-h-old yeast culture and incubated at

0 ◦C in a rotary shaker bath for 8 h. At this point the cells were
igorously growing and 10 ml of solvent was added to the 55 ml
ulture in each flask. After a further 24 h, the flasks were sampled
nd analyzed for ethanol, residual glucose, dry cell weight, and cell
iability. Results were compared to those of a solvent-free control
ulture. The yeast strain was Red Star® Ethanol RedTM, a strain of
accharomyces cerevisiae that has been developed for the fuel alco-

ol industry, supplied by Fermentis, a division of S. I. Lesaffre Yeast
orp. It is described as a fast-acting, temperature tolerant dry yeast
hat displays higher alcohol yields and maintains higher cell via-
ility during fermentation as compared with standard distiller’s
east.

t
d

f
K

32.5 (0.97) 4
28.0 (1.38) 2

tly for each solvent.

. Results and discussion

.1. Ethanol and water partitioning performance

Ethanol extraction performance comparisons of solvents at
xed operating conditions can be conveniently represented by two
arameters: ethanol distribution coefficient KDE and separation fac-
or ˛. The ethanol distribution coefficient indexes the solvent’s
apacity for ethanol, while the separation factor is the solvent’s
electivity for ethanol over water. The equilibrium distribution
oefficient for ethanol is defined as the ratio of the weight percent
f ethanol in the organic phase to the weight percent of ethanol in
he aqueous phase:

DE = [EtOH]org

[EtOH]aq
(1)

The equilibrium distribution coefficient for water is defined sim-
larly:

DW = [H2O]org

[H2O]aq
(2)

The separation factor is the ratio of ethanol to water in the
rganic phase divided by the ratio in the aqueous phase, or:

= KDE

KDW
(3)

The equilibrium ethanol capacity, KDE, and the calculated sepa-
ation factor, ˛, for the solvents studied are shown in Table 2. The
ata for the C12 and smaller alcohols include data from our earlier
orks [18,28] combined with new extraction data on each solvent

o reduce experimental variability. Standard deviations for the data
re shown in the table. Comparisons with the literature are reason-
ble for the smaller alcohols, as discussed in Offeman et al. [28].
or the larger alcohols, oleyl alcohol was the only alcohol in this
et found for literature comparison. Values of KDE were reported as
.21 [30], 0.24 [23], and 0.34 [31], and a single paper [30] reported ˛
s 22.8. These are compared to the KDE and ˛ values determined in
his work of 0.306 and 16.1, respectively. Differences between these
eported values is not surprising, given the differences in purity of
leyl alcohol (93% used here, 74% and reagent grade used by oth-
rs), the differences in operating conditions (aqueous phase ethanol
oncentration of 4–9 wt%, and extraction temperature of 20–65 ◦C),

he presence or absence of fermentation broth components, and
ifferences in analytical methods (GC, and enzyme assay).

Fig. 1 displays the ˛ and KDE experimental data. As expected
rom previous observations about the effect of molecular weight,
DE values for the C14–C20 alcohols are lower than those of the
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ig. 1. Ethanol extractive performance of aliphatic alcohol solvents at 33 ◦C and
wt% initial ethanol concentration. Filled symbols are unbranched 1-alcohols, open

ymbols are branched alcohols, triangles are C18 alcohols.

ower molecular weight alcohols. KDE falls within a relatively
arrow range for the C14–C20 alcohols, but separation factor is
ubstantially increased by location of the hydroxyl group towards
he middle of the molecule, and by branching of the alkyl chains.
leyl alcohol, a C18 primary alcohol, has a low separation factor
f 16.1; iso-octadecanol FO-180, the most highly branched of the
18 alcohols and with the hydroxyl group near the middle of the
olecule, has a separation factor of 34.9, more than twice as large.

he enhancement of ˛ by increased branching is displayed in Fig. 1
or the C18 alcohols (triangle symbol) in the progression from oleyl
unbranched) to I-18E (two terminal methyl groups) to FO-180N
four terminal methyls) to FO-180 (eight terminal methyls). These
esults show that the qualitative predictive guidelines [18] are
ffective in extrapolating to higher molecular weight alcohols.

.2. Solvent retention in the aqueous phase

In a commercial solvent extraction process the phases are sep-
rated after the last extraction stage and the solvent phase is
rocessed to recover the product and regenerate the solvent for

euse. The solubility of the solvent in the raffinate is an important
onsideration, and should be low, as it can represent a potential loss
f solvent from the process. Make-up solvent must be purchased,
nd the lost solvent must be taken into account in the downstream
rocesses, including waste treatment.

i
w
n
o
p

able 3
olvent toxicity to yeast

olvent Ratios to controls

umber of carbons Name Ethanol produced Glucose co

8 1-Octanol 0.07 0.34
8 2-Ethyl-1-hexanol 0.06 0.05
9 2,6-Dimethyl-4-heptanol 0.09 0.17

10 1-Decanol 0.04 0.04
2 1-Dodecanol 0.07 0.07
2 2-Butyl-1-octanol 0.39 0.56

14 Isofol 14T mixture 0.98 1.00
16 2-Hexyl-1-decanol 0.98 1.00
18 Oleyl alcohol 1.03 1.00
18 iso-Stearyl alcohol (FO-180N) 0.99 1.00
18 iso-Stearyl alcohol (FO-180) 1.01 1.01
18 Jarcol I-18E mixture 0.96 0.76
0 2-Octyl-1-dodecanol 0.99 1.01
tion Technology 63 (2008) 444–451 449

No binary data were found in the literature for the solubility
n water of the �-branched C14–C20 alcohols studied here. Barton
32] shows a linear relationship between the logarithm of alcohol
olubility and the carbon number for normal aliphatic alcohols at
98 K. By extrapolation, the solubility of 1-dodecanol in water is
ppm (mass). An update of the IUPAC-NIST data [33] shows solu-
ility in the range of 2–3 ppm (mass). It is likely that the solubilities
f the C14 and higher �-branched alcohols in water will be below
ppm (mass) at room temperature.

In our extraction studies, the C12–C20 alcohol solvents were
ot detectable by GC of the aqueous phase (typically containing
4.5 wt% residual ethanol) after emulsification and phase separa-

ion. The detection limit was found to be 22 ppm for dodecanol, and
00 ppm for FO-180. A sample was made up containing 12% ethanol
nd equilibrated with dodecanol. The aqueous phase from this sam-
le contained 40–60 ppm of dodecanol. The presence of 12% ethanol
herefore raised the solubility of dodecanol in the aqueous phase
y an order of magnitude. Ideally, solubility data for the solvent in
ermentation broth would be preferred, at various ethanol concen-
rations, recognizing that if a multi-stage countercurrent contactor
ere used, the ethanol concentration in the raffinate could be quite

ow. Solvent solubility in water can be indicative, but solvent solu-
ility will be enhanced by the presence of residual ethanol, and
erhaps by other organic media components, and decreased by
ost salts.
Stable associations (clusters) of solvent molecules may be

resent in the aqueous phase (i.e. micelles or pre-micellar asso-
iations). This behavior is expected to be more important for the
arger alcohols, which may exhibit surfactant-like behavior. Sol-
ent losses to the aqueous phase due to this effect are likely to be
arger than those from simple solubility of the alcohol in water,
ut are very dependent on (1) generation of solvent clusters due to
ydrodynamic forces at the solvent/aqueous phase interface that
ntrain solvent molecules or clusters into the aqueous phase and
2) removal of solvent clusters via coalescence and density differ-
nce. Both are dependent on the equipment and residence times
sed for the extraction and subsequent phase separation.

.3. Solvent toxicity to yeast

Whether continuous, batch, fed-batch or sequenced-batch fer-
entation is employed, contact between the solvent and the yeast
s virtually certain in extractive fermentation. Even in the case
here the raffinate is not recycled back to the fermentor, the raffi-
ate may be further processed and a portion recycled upstream
f the fermentor to maintain a favorable water balance in the
lant.

nsumed Cell dry weight Cell viability, staining Cell viability, plate count

0.97 0.00 0.00
0.50 0.00 0.00
0.61 0.00 0.00
0.70 0.00 0.00
0.59 0.01 0.06
0.74 0.60 0.30

0.94 0.93 1.05
1.11 0.93 0.96
1.04 1.30 2.29
1.01 0.95 0.49
0.74 1.00 1.13
1.10 0.55 0.98
1.39 0.99 1.20



450 R.D. Offeman et al. / Separation and Purifica

Fig. 2. Ratio of ethanol production to control for S. cerevisiae exposed to alcohol
solvents containing varying numbers of carbons. Data from Minier and Goma [21],
H
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[16] C.L. Munson, C.J. King, Factors influencing solvent selection for extraction of
ethanol from aqueous solutions, Ind. Eng. Chem. Process Des. Dev. 23 (1984)
109–115.
onda et al. [23], and this study.

The results from the shaker flask experiments to determine
ach solvent’s toxicity to yeast, or its inhibitory effects on cell
rowth or ethanol production, are shown in Table 3. Several
ower molecular weight alcohols were included for compari-
on with the C14–C20 alcohols. There is a very clear difference
etween the results for the C8–C12 alcohols and the C14–C20
lcohols. Yeast contact with the lower molecular weight alco-
ols resulted in very low values of ethanol production and
lucose consumption, cell weight, and cell viability by both stain-
ng and by plate count compared to the solvent-free control
asks. In fact, for all these solvents except for 2-butyl-1-octanol,
he solvents were toxic to the cells. For the higher molecular
eight alcohols, ethanol production, glucose consumption, cell

rowth, and cell viability were equivalent to the solvent-free con-
rols.

The data for ethanol production, glucose consumption, and cell
iability by the staining technique show low % errors of <10%
etween the nine solvent-free controls and for duplicated tests
ith solvents above C12. For C12 and below, % error is high because

he average value is near zero. Cell dry weight and cell viability
y plate count show much higher % errors in all cases and are less
rustworthy.

Fig. 2 shows ethanol production (expressed as the ratio to
he solvent-free control fermentation) for C3 through C20 alco-
ols. Data from two literature sources [21,23] compare favorably
o data from this study. The only inconsistency is 1-dodecanol.
t is important to note that the toxicity test used here is rela-
ively harsh. There is a large solvent-to-aqueous phase ratio, the
queous phase is saturated with solvent, and cells are exposed
o the solvent/aqueous interface (often forming a gelled layer).
esting differences may explain the variability in the literature
or alcohols in the transition region around C12, and in particu-
ar, the high toxicity observed in this test for 1-dodecanol relative
o the other two studies referenced. For example, Kapucu and

ehmetoglu [34] were able to use the normally toxic n-decanol
s an extraction solvent by encapsulating the yeast in calcium algi-
ate beads along with 20% sunflower oil, thus preventing direct
xposure of the cells to the water/solvent interface and reducing

he solubility of the decanol in the beads via the encapsulated
il.

[

tion Technology 63 (2008) 444–451

. Conclusions

The C14–C20 �-branched alcohols have a characteristic narrow
ange of KDE values, but a large range of ˛ values, reflecting the
nfluence of hydroxyl position and branching, as expected from
erformance guidelines developed previously. One example of this
lass, the C18 Fine Oxocol FO-180, was discovered in this work to
ave the highest value of ˛, 34.9, of the alcohols studied. Although

t would be very desirable to be able to use alcohol solvents with
igher KDE values than the 0.2–0.3 range typical of the C14–C20
lcohols, toxicity to fermenting yeast exposed to the solvents would
reclude their use in extractive fermentations. On the other hand,
he C14–C20 alcohol solvents have reduced solubilities in the raf-
nate compared to the smaller alcohols, and are non-toxic and
on-inhibitory to the Ethanol RedTM yeast strain often used for fuel
thanol production. These results help to define and select viable
erformance regions for alcohols suitable for the recovery by sol-
ent extraction of ethanol from aqueous solutions, and from yeast
ermentation fluids in particular.
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